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The  Ti02-Zn0  core  shell  rice  grains  are  prepared  by  coaxial  electrospinning  and  calcination.  These  core 
shell  rice  grains  have  the  length  of  300-800  nm  and  the  BET  surface  area  of  66.3  m2  g-1.  They  consist  of 
anatase  Ti02  (core)  and  wurtzite  ZnO  (shell).  Using  this  novel  structure  as  the  photoanodic  material,  the 
dye-sensitized  solar  cells  (DSSCs)  have  the  conversion  efficiency  (77)  of  5.31%,  which  is  increased  by  23.9% 
in  comparison  with  that  of  the  DSSCs  based  on  the  Ti02  rice  grains.  This  is  mainly  ascribed  to  the 
improvement  in  both  light  harvesting  efficiency  and  electron  collection  efficiency,  and  the  effective 
suppression  of  charge  recombination. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Dye-sensitized  solar  cells  (DSSCs)  have  attracted  great  interest 
as  one  of  the  most  potential  photovoltaic  devices  owing  to  their  low 
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cost  and  easy  fabrication  [1—3].  However,  the  conversion  efficiency 
of  most  DSSCs  is  still  a  bit  low  despite  the  highest  record  has 
reached  12.3%  [4].  Further  improvement  in  conversion  efficiency  is 
necessary  for  DSSCs.  To  date,  diverse  efforts  on  optimizing  and 
modifying  TiCb  nanocrystalline  film  have  intensively  taken  to 
improve  the  conversion  efficiency  of  DSSCs  5—7]. 

One  effective  way  to  improve  the  properties  of  DSSCs  is  that  one 
dimensional  (ID)  nanostructures  such  as  nanowires  (NWs),  nano¬ 
tubes  (NTs),  and  nanofibers  (NFs)  replace  of  zero-dimensional  (OD) 
nanoparticles  (NPs).  The  ID  nanostructure  can  be  beneficial  to 
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electron  transport  due  to  less  grain  boundaries,  less  surface  states 
(i.e.,  recombination  sites),  and  direct  pathways  for  charges  in 
comparison  of  NPs  [8—11].  As  a  simple,  low-cost,  and  easy  scale 
technique,  electrospinning  is  employed  to  fabricate  ID  nano¬ 
structure  (NFs,  NRs,  and  NWs)  for  DSSCs  by  some  groups  12—15]. 
Recently,  Ramakrishna  et  al.  reported  that  a  novel  structure  (rice 
grain)  Ti02  fabricated  by  electrospinning  acted  as  photoanode 
material  and  enhanced  the  conversion  efficiency  of  DSSCs  owing  to 
its  more  excellent  inter-grain  connectivity  and  higher  surface  area 
than  P25  [16,17].  Subsequently,  they  found  that  the  rice  grain 
shaped  Ti02  exhibited  the  better  scattering  effect  to  increase  the 
capability  of  photoanode  to  harvest  light  thanTi02  NFs  [18]  and  the 
CNT  doping  in  rice  grain  shaped  Ti02  can  further  improve  the 
conversion  efficiency  [19]. 

As  we  all  known,  a  core  shell  structure  that  Ti02  are  coated  by 
another  higher  conduction  band  metal  oxide  semiconductor  (ZnO, 
Nb205,  Al203,  MgO,  etc.)  forms  an  energy  barrier  to  facilitate  the 
charge  separation  and  to  reduce  the  electron  recombination  [20- 
22].  Among  the  numerous  semiconductors  oxide,  ZnO  is  an  excel¬ 
lent  coating  material  to  modify  Ti02  due  to  their  similar  energy 
band  structure  [23],  higher  electron  mobility  [24],  and  a  lower 
photo  inactivation  [25]  in  comparison  of  Ti02.  Although  the  Ti02- 
ZnO  core  shell  nanostructures  such  as  NPs  [26  ,  NWs  [27],  and  NFs 
[28]  for  DSSCs  can  enhance  the  conversion  efficiencies  compared 
with  the  Ti02  nanostructures,  the  efficiencies  is  still  a  bit  low  (a 
highest  efficiency  of  5.17%  for  nanofibers).  If  the  Ti02  rice  grain 
could  be  coated  by  other  metal  oxide  semiconductor  to  form  a  core 
shell  structure,  this  novel  structure  as  photoanodic  material  may 
further  enhance  the  conversion  efficiency  of  DSSCs.  Up  to  now,  no 
paper  concerning  core  shell  rice  grain  based  DSSCs  has  been 
reported. 

Based  on  the  above,  in  this  work,  the  Ti02-Zn0  core  shell  rice 
grains  are  fabricated  by  coaxial  electrospinning  and  calcination.  The 
photovoltaic  performance  of  DSSCs  employing  the  core  shell  rice 
grains  were  investigated  in  detail. 

2.  Experimental  details 

2.1.  Preparation  ofTi02~ZnO  core  shell  rice  grains 

The  Ti02-Zn0  core  shell  rice  grains  were  synthesized  by  coaxial 
electrospinning  and  calcination  according  to  the  following  route: 
0.61  g  of  polyvinyl  acetate  (PVAc,  Mw  =  500,000,  Aldrich)  was 
dissolved  in  5  mL  of  N,N-dimethyl  acetamide  (DMAc,  99.5%, 
Aladdin).  Then,  1  mL  of  acetic  acid  and  0.5  mL  titanium  (IV)  iso- 
propoxide  (TiP,  Aldrich)  were  added  in  the  above  solution  to  form 
Ti02  precursor  electrospinning  solution  A;  meanwhile,  0.96  g  of 
PVAc  and  0.64  g  of  zinc  acetate  dihydrate  [Zn(CFl3COO)2  •  2FI20, 99%, 
Aladdin]  was  dissolved  in  8  mL  of  N,N-dimethyl  formamide  (DMF, 
99.5%,  Aladdin)  to  obtain  ZnO  precursor  electrospinning  solution  B. 
The  solutions  A  and  B  were  transferred  into  two  different  glass 
syringes.  The  precursor  solutions  were  electrospun  on  the  collector 
via  coaxial  electrospinning  with  the  core  flow  rate  of  0.5  mL  h-1  for 
solution  A,  the  shell  flow  rate  of  0.6  mL  hr1  for  the  solution  B,  and  a 
voltage  of  20  kV.  The  collector  was  kept  10  cm  away  from  the  nozzle 
tip  (RH  50-60%,  20-25  °C).  For  comparison,  the  solution  A  was 
electrospun  to  get  Ti02  rice  grains.  Finally,  both  the  as-spun  sam¬ 
ples  were  calcined  in  a  muffle  furnace  at  500  °C  for  1  h. 

2.2.  Assembling  DSSCs 

The  photoanodic  film  was  fabricated  via  spin  coating.  In  a  typical 
process,  100  mg  of  the  Ti02-ZnO  core  shell  rice  grains  mixed  with 
200  mg  of  polyethylene  glycol  (PEG,  Mw  =  20,000,  Aladdin)  were 
added  in  1.5  mL  deionized  water.  Then  the  mixture  was  stirred  for 


4  h  to  obtain  a  unique  paste  of  right  rheology  necessary  for  spin 
coating.  The  paste  was  spin  coated  to  get  an  overall  thickness  of 
~12  pm  on  the  clean  fluorine-doped  tin  oxide  (FTO,  15  Q  sq-1) 
plate.  The  paste  along  with  FTO  was  calcined  in  air  at  500  °C  for 
30  min  to  get  porous  film  with  the  thickness  of  ~8  pm  (This  is  due 
to  the  evaporation  of  the  organics  from  the  mixture  during  calci¬ 
nation)  and  the  active  area  of  0.36  cm2.  For  comparison,  the  rice 
grain  shaped  Ti02  photoanodic  film  was  prepared  by  the  same 
process  as  the  above  film.  Subsequently  the  two  films  along  with 
FTO  were  soaked  in  0.5  mM  N719  dye  solution  (in  1:1  acetonitrile 
and  tert-butanol  mixture)  for  24  h.  The  photoanodes  were  washed 
with  absolute  ethanol  for  removing  the  unanchored  dyes.  The 
photoanodes  were  sandwiched  against  the  Pt  counter-electrodes  in 
the  presence  of  60  pm  sealing  spacer  (Surlyn  1702,  DuPont)  and  I3  / 
P  electrolyte  to  assemble  DSSCs. 

2.3.  Characterization 

The  X-ray  diffraction  (XRD)  patterns  of  the  samples  were  con¬ 
ducted  on  a  Thermo  ARL-X’TRA  using  a  Ni-filtered  Cu  Ka  radiation 
(A  =  1.5418  A),  and  scans  were  made  from  15°  to  75°  (26)  at  the 
speed  of  2°  min-1.  The  morphologies  of  the  samples  were  con¬ 
ducted  by  the  field  emission  scanning  electron  microscope  (FESEM, 
ULTRA  55,  ZEISS,  Germany)  and  transmission  electron  microscope 
(TEM,  JEM2100,  Japan).  The  Brunauer— Emmett-Teller  (BET)  of  the 
samples  was  measured  by  a  surface  area  and  porosity  analyzer 
(Micromeritics  ASAP  2020  Accelerated  Surface  Area  and  Porosim- 
etry  System,  USA)  using  N2  adsorption  at  77  K.  The  amount  of 
loading  dye  molecules  was  determined  by  detaching  dye  from  the 
photoanode  into  1.0  M  NaOFI  aqueous  solution  and  measuring  the 
absorption  spectra  of  N719  solution  on  a  UV-vis  spectrophotom¬ 
eter  (Lambda  900,  Perkin  Elmer).  The  photocurrent-voltage  (/—V) 
characteristic  was  performed  with  a  sourcemeter  (2400-SCS, 
Keithley)  under  100  mW  cm-2  illumination.  The  solar  simulator 
consists  of  a  500  W  Xe  lamp  (Trusttech,  China)  and  an  AM  1.5  filter 
(Oriel).  A  QE/IPCE  test  system  (Solar  Cell  ScanlOO/Zolix)  was  used  to 
measure  the  incident  photo-to-electron  conversion  efficiency 
(IPCE)  of  DSSCs.  The  electrochemical  impedance  spectroscopy  (EIS) 
measurements  were  measured  in  the  dark  using  a  potentiostat 
(Im6ex/Zahner)  under  0.7  V  forward  bias  and  10  mV  AC  amplitude, 
and  the  frequency  range  was  0.01—100  kFIz. 

3.  Results  and  discussion 

3.1.  The  morphology  and  structures  of  the  samples 

Fig.  1  exhibits  the  XRD  patterns  of  the  as-spun  PVAc/TiP-PVAc/ 
Zn(CH3COO)2  composite  NFs,  and  the  two  kinds  of  composite  NFs 


Fig.  1.  XRD  patterns  of  the  as-spun  PVAc/TiP-PVAc/Zn(CH3COO)2  NFs,  the  rice  grain 
shaped  Ti02,  and  the  rice  grain  shaped  Ti02-ZnO  core  shell  structures. 
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[PVAc/TiP  and  PVAc/TiP-PVAc/Zn(CH3COO)2]  after  calcination. 
The  as-spun  composite  NFs  are  in  an  amorphous  phase  as  shown 
in  Fig.  la.  The  PVAc/TiP  NFs  after  calcination  can  be  indexed  to 
anatase  Ti02  according  to  the  standard  JCPDS  card  (No.  21-1272) 
as  depicted  in  Fig.  lb.  After  the  composite  PVAc/TiP- PV Ac/ 
Zn(CH3COO)2  NFs  were  calcined  in  Fig.  lc,  the  anatase  Ti02  and 
wurtzite  ZnO  (JCPDS  card  No.  36-1451)  are  observed  with  no 
additional  peaks  for  other  phases.  The  sharp  shapes  and  line 
widths  of  these  diffraction  peaks  indicate  that  both  Ti02  and  ZnO 
have  excellent  crystallization. 

The  FESEM,  TEM,  and  HRTEM  images  of  the  PVAc/TiP- PVAc/ 
Zn(CH3COO)2  NFs  before  and  after  calcination  are  shown  in  Fig.  2. 
From  Fig.  2a,  it  can  be  seen  that  these  as-spun  NFs  are  randomly 
oriented  and  have  smooth  surfaces.  All  the  NFs  are  consisting  of 
alternating  nubs  and  shafts.  The  length  of  the  nub  in  NFs  is 
1  ±  0.3  pm.  The  as-spun  NF  consists  of  a  nearly  axisymmetric  core 
sheath  structure  and  the  thickness  of  the  shell  is  dozens  of 
nanometers  as  depicted  in  Fig.  2c.  Interestingly,  after  calcination  in 
Fig.  2b,  the  fiber  structure  has  disappeared  and  the  nubs  change 
into  rice  grains  with  the  length  of  300-800  nm.  The  desired  core 
shell  structure  is  still  maintained  in  the  rice  grain  as  exhibited  in 
Fig.  2d.  The  lattice  resolved  images  of  the  Ti02-ZnO  core  shell  rice 
grains  are  displayed  in  Fig.  2e  and  f.  The  lattice  spacing  of  0.35  nm 


(on  the  end  of  the  rice  grain)  corresponds  to  the  (101)  plane  of 
anatase  Ti02,  and  the  lattice  spacing  of  the  surface  of  core  shell 
rice  grains  (Fig.  2d)  is  0.52  nm  due  to  the  (001)  plane  of  ZnO  in 

Fig.  2f. 

To  further  characterize  the  rice  grains,  the  XPS  measurements 
were  conducted.  In  the  XPS  full  spectra  of  bare  Ti02  as  shown  in 
Fig.  3a,  two  main  peaks  with  binding  energies  of  453.5  and  526.8  eV 
are  respectively  attributed  to  Ti  2p3/2  and  Ols  [29,30].  For  the 
core-shell  structure  [Fig.  3a],  two  strong  additional  peaks  with  the 
binding  energy  of  1043.2  eV  and  1021.5  eV  respectively  correspond 
to  Zn  2pl  and  Zn  2p3.  The  O  Is  XPS  spectra  for  the  two  samples  are 
depicted  in  Fig.  3b.  The  Ols  peak  of  Ti02  locates  at  about  529.4  eV. 
Accompanied  by  a  significant  decline  in  the  intension  of  O  Is  peak 
of  Ti02,  a  strong  peak  of  O  Is  with  the  bonding  energy  of  529.8  eV 
appears.  The  peak  is  attributed  to  the  ZnO  in  Ti02-ZnO  core  shell 
rice  grains  [30].  In  Fig.  3c,  a  careful  comparison  of  the  Ti  2p  region  of 
Ti02  and  Ti02/ZnO  exhibit  that  two  peaks  located  at  about  457  and 
464  eV,  which  are  assigned  toTi  2p3/2  and  Ti  2pl/2,  respectively.  It 
can  be  seen  that  the  binding  energy  of  Ti  2p3/2  for  the  Ti02 
(456.8  eV),  implying  the  formation  of  the  Ti4+  and  Ti3+  species  on 
the  surface  of  Ti02  [31,32].  While,  a  slight  deformation  in  the  higher 
side  of  the  binding  energy  of  Ti  2p3/2  exhibited  in  Ti02/ZnO.  The 
Ti02  coated  by  ZnO  reduced  the  amounts  of  Ti3+  that  can  serve  as 


Fig.  2.  FESEM  (a  and  b),  TEM  (c  and  d)  of  the  fibers  before  and  after  calcination,  and  HRTEM  (e  and  f)  of  Ti02-ZnO  core  shell  rice  grain. 
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Binding  Energy  (eV) 


Binding  Energy  (eV) 


Fig.  3.  XPS  spectrum  of  rice  grain  shaped  Ti02  and  rice  grain  shaped  Ti02-Zn0  core- 
shell:  (a)  the  full  spectra,  (b)  the  Ols  narrow  range  scan  spectra,  and  (c)  the  Ti  2p 
narrow  range  scan  spectra. 


recombination  centers  and  pathways  for  electron  back  transfer 

[33,34]. 

The  results  of  XRD,  TEM,  and  XPS  absolutely  confirm  that  the 
Ti02— ZnO  core  shell  structures  form  (The  Ti02  is  shielded  by  an 
external  ZnO  shell  despite  a  few  regions  (both  the  ends)  at  the 
surface  of  Ti02  rice  grains  are  not  coated  totally  by  ZnO).  There¬ 
fore,  the  formation  of  rice  grains  could  be  attributed  to  as  follows: 
In  as-spun  composite  NFs,  the  precursors  of  Ti02  and  ZnO  are 
mainly  concentrated  in  the  nubs  (Each  nub  contains  a  little  of 
PVAc)  due  to  the  phase  separation  between  the  precursor  and 
PVAc.  The  shafts  in  NFs  mainly  consist  of  PVAc.  During  calcination, 
the  decomposition  of  PVAc  in  shafts  broke  the  NFs.  Meanwhile, 
the  core  shell  nubs  grow  into  the  rice  grain  shaped  structures 
through  the  decomposition  of  the  precursors  and  PVAc,  and  the 
growth  of  ZnO  and  Ti02.  In  other  words,  the  as-spun  core  shell 
nubs  act  the  structure  directing  template  for  the  formation  of  the 
core  shell  rice  grains.  Moreover,  the  sizes  of  the  rice  grains  are 
smaller  than  the  nubs  due  to  the  decomposition  of  the  precursors 
and  PVAc. 


3.2.  The  photovoltaic  properties  of  the  DSSCs 

Fig.  4  depicts  the  I-V  characteristics  of  the  DSSCs  based  on  Ti02 
rice  grains  and  Ti02— ZnO  core  shell  rice  grains.  As  shown  in  Table  1, 
all  the  photovoltaic  parameters  of  Ti02-Zn0  core  shell  rice  grains 
based  DSSCs  were  higher  than  those  of  the  DSSCs  based  onTi02  rice 
grains.  The  conversion  efficiency  (??)  increased  from  4.14%  to  5.31% 
due  to  the  increasing  of  the  open  circuit  voltage  (Voc),  the  current 
density  (Jsc ),  and  the  fill  factor  (FF)  with  the  addition  of  ZnO  layer. 
Moreover,  the  improvement  in  conversion  efficiency  is  further  re¬ 
flected  in  the  IPCE  (as  a  function  of  wavelength)  of  the  two  DSSCs. 
In  Fig.  4b,  the  IPCE  of  the  DSSCs  using  Ti02-Zn0  core  shell  rice 
grains  are  higher  than  those  of  DSSCs  fabricated  by  Ti02  rice  grains 
in  all  the  wavelengths. 

Generally,  the  IPCE  and  Jsc  are  related  to  the  light  harvesting 
[LHE(A)],  charge  injection  (Ojnj),  and  charge  collection  (<£>c)  ac¬ 
cording  to  Equation  (1)  [35,36]  and  Equation  (2)  [37,38], 
respectively. 


IPCE(A)  =  LHE(A)$inj<f>c 

(1) 

Jsc  =  j  eIPCE(A)/s  (A)dA 

(2) 

The  LHE(A)  is  a  strong  function  of  the  dye-loading.  The  dye¬ 
loading  of  the  Ti02-Zn0  core  shell  rice  grain  photoanodic  film 
was  higher  than  that  of  TiC^  rice  grain  electrodes  as  exhibited  in 
Fig.  5a,  which  is  attributed  to  their  BET  surface  areas  (The  BET 
surface  area  of  Ti02  rice  grains  and  Ti02-Zn0  core  shell  rice  grains 
are  about  58.5  m2  g-1  and  66.3  m2  g-1,  respectively).  Oinj  is  related 
to  energetic  discrepancy  between  the  excited  level  of  the  dye  (Eex) 
and  the  conduction  band  edge  (£Cb)  of  the  photoanode  oxide.  The 
ECb  of  ZnO  is  a  bit  positive  than  that  of  Ti02  resulting  in  the  ener¬ 
getic  discrepancy  decreasing  slightly,  but  the  biased  energy  band 
structure  enhances  the  separation  efficiency  of  charges  leading  to 
the  increased  Oinj  (Fig.  5b)  [27].  Thus,  the  Oinj  have  a  trivial  effect  on 
the  IPCE  and  Jsc-  $c  depends  on  electron  transport  and  charge 
recombination  in  DSSCs.  Fig.  6a  and  b  exhibits  the  schematic  dia¬ 
gram  of  the  electron  transport  in  DSSCs  based  on  Ti02-Zn0  core 
shell  rice  grains.  In  Fig.  6a,  the  rice  grains  provide  the  directly 
pathways  for  the  electron  from  the  dye  to  FTO  glass  to  accelerate 
the  charges  flow  [17].  Besides,  the  injected  electron  can  be 
enhanced  resulting  from  the  steps  with  two  energy  level  facilitating 
the  charge  separation  [39]  and  the  energy  barrier  reducing  the 
charges  recombination  as  displayed  in  Fig.  6b  [5].  The  electrons 
transport  and  charges  recombination  in  DSSCs  can  be  characterized 


Fig.  4.  I-V  curves  of  DSSCs  based  on  Ti02  rice  grains  and  Ti02-Zn0  core  shell  rice 
grains. 
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Table  1 

The  photovoltaic  properties  of  DSSCs  using  Ti02  rice  grains  and  Ti02-ZnO  core  shell 
rice  grains. 
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DSSCs 

Voc/V 

Jsc/mA  cm  2 

FF/% 

vl% 

Rice  grain  Ti02 

0.732 

10.9 

51.9 

4.14 

Ti02-Zn0  core  shell 

0.783 

11.5 

59.0 

5.31 

by  the  EIS  (electrochemical  impedance  spectrum).  Fig.  6c  shows  EIS 
spectra  of  the  two  DSSCs  (in  the  dark).  The  Nyquist  plots  of  the  two 
cells  are  in  a  shape  of  a  large  semicircle  due  to  the  other  two 
semicircles  being  overshadowed  by  the  large  one  [40,41]-  In  gen¬ 
eral,  the  semicircle  on  the  Nyquist  plot  in  this  frequency  range  is 
associated  with  the  charge  transfer  across  the  photoanode/elec¬ 
trolyte  interface,  and  the  recombination  rate  between  electrons  in 
the  photoanode  and  holes  in  the  electrolyte  is  inversely  propor¬ 
tional  to  the  size  of  this  semicircle  [42,43].  It  is  obvious  that  the 
semicircle  in  Ti02-Zn0  core  shell  based  DSSC  is  larger  than  that  of 
Ti02  rice  grain  based  DSSC  as  displayed  in  Fig.  6c.  In  the  dark,  the 
larger  the  size  of  this  semicircle,  the  lower  the  charge  recombina¬ 
tion  rate  could  be  [28,44].  Consequently,  the  $c  of  DSSCs  employing 
Ti02-Zn0  core  shell  is  the  larger  than  that  of  the  DSSCs  based  on 
Ti02  rice  grains. 

The  V0c  depends  on  the  different  values  between  the  Fermi  level 
of  photoanode  oxide  and  redox  potential  of  r//T-  The  higher  V0c 
results  from  the  slight  FCb  positive  shift  of  the  photoanode  with 
addition  of  ZnO  layer.  Besides,  the  increase  in  V0c  can  be  well  un¬ 
derstood  according  to  the  following  equation  45,46] : 

Voc  =  (w/e)  ln(/inj/(„cb/^c))  (3) 

where  /inj  is  the  incident  photon  flux,  nCb  is  the  electron  density  in 
the  photoanodic  film,  I<Y  is  the  rate  constant  for  the  back  electron 
transfer,  I<c  is  the  concentration  of  triiodide  species  in  electrolyte. 
The  Kr  in  DSSCs  decreased  with  addition  of  ZnO  coating  due  to 
reducing  the  recombination  as  shown  in  Fig.  6c.  Thus,  the  increased 
/inj  and  the  decreased  I<r  lead  to  the  increase  of  Voc.  The  improve¬ 
ment  in  FF  may  also  contribute  to  that  the  ZnO  layer  inhibits 
electron  back  transfer  from  Ti02  to  the  redox  electrolyte  18].  The 
simultaneous  increases  of  Jsc,  V0o  and  FF  result  in  the  improvement 
of  the  conversion  efficiency. 

4.  Conclusions 

The  rice  grain  shaped  Ti02-Zn0  core  shell  structures  have  been 
successfully  prepared  via  a  combined  method  of  coaxial  electro 


Fig.  6.  Schematic  diagram  of  two  effects  arising  from  Zn0-Ti02  core  shell  rice  grain: 
the  direct  pathways  for  charges  (a),  and  Ti02-Zn0  heterojunction  forms  biased  energy 
band  structure  to  enhance  electron  separation  efficiency  and  ZnO  shell  introduces  an 
interfacial  energy  barrier  to  suppress  recombination  (b);  and  EIS  of  Ti02  rice  grains  and 
Ti02-Zn0  core  shell  based  DSSCs  in  the  dark  (c). 

spinning  and  calcination.  The  Ti02-Zn0  core  shell  rice  grains  have 
the  length  of  about  300-800  nm  and  consist  of  anatase  Ti02  (core) 
and  wurtzite  ZnO  (shell).  With  the  DSSC  fabricated  by  Ti02-ZnO 
core  shell  rice  grains,  its  conversion  efficiency  is  5.31%,  which  ex¬ 
hibits  improvements  of  23.9%  over  the  DSSC  based  on  Ti02  rice 
grains.  This  improvement  in  conversion  efficiency  is  mainly  due  to 
the  increase  of  the  loading  dye,  the  charge  recombination  being 
suppressed  by  the  energy  barrier  of  ZnO  layer,  and  the  increased 
separation  efficiency  of  charges  by  the  biased  energy  band  struc¬ 
ture.  This  work  provides  useful  insights  for  the  development  of 
novel  nanoscale  photoanodic  structures  of  DSSCs.  And  the  Ti02- 
ZnO  core  shell  rice  grains  can  be  applied  in  photocatalysis. 


Fig.  5.  UV-vis  absorption  spectra  of  solutions  containing  N719  dye  detached  from  Ti02  rice  grain  and  Ti02-ZnO  core  shell  rice  grain  electrodes  (a),  and  IPCE  spectra  of  DSSCs  based 
on  the  two  electrodes  (b). 
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